INTRODUCTION
Immunological memory is the ability to generate rapid, effective responses to previously encountered pathogens and is a hallmark of adaptive immunity. Germinal centers (GCs) play a major role in B cell memory development, where somatic hypermutation of the immunoglobulin genes allows for the rapid adaptation to antigens. Competition for cognate T cells between limited numbers of B cell clones within each GC allows high-affinity memory and plasma cells to emerge, forming the basis of humoral memory (1, 2) . When memory B cells encounter their cognate antigen, they are rapidly reactivated and can differentiate into plasmablasts that secrete large amounts of protective antibodies into the bloodstream, or they can return to GC reactions where further affinity maturation occurs (3, 4) . In contrast, long-lived plasma cells continuously secrete antibody over extended periods of time, providing continual serum-level protection (5) . The secreted antibodies from both plasmablasts and plasma cells can bind pathogens and protect by directly inhibiting receptor-ligand interactions or by facilitating the phagocytosis or lysis of the pathogen (6, 7) .
Although memory B cells and long-lived plasma cells are relatively well characterized, a growing literature describes various memory-like B cell subsets that are phenotypically distinct from classical memory populations. They are typically characterized by elevated levels of negative regulators of B cell receptor (BCR) signaling, such as FCRL4 or FCRL5 (8) (9) (10) (11) , or decreased levels of positive regulators, such as CD21 (12) (13) (14) (15) (16) (17) . Memory B cells with decreased levels of CD21 are further separated into subsets that express (8, 9, 13, 16, 18) or do not express (14, 15, 17, 19, 20) the canonical human memory B cell marker CD27 (21, 22) or have heterogeneous CD27 expression (12) . These subsets are likely not mutually exclusive. The subsets defined by elevated FCRL4 or FCRL5 expression all show decreased levels of CD21 (8) (9) (10) (11) . In addition, multiple studies of cells defined by decreased CD21 expression also show higher levels of FCRL4 or FCRL5 (13-15, 17, 20) . The immunological role of these different populations, as well as their relationship to other B cell subsets, remains unclear. They have largely been identified in the context of chronic infection (11, 14-17, 19, 20) but have also been documented in autoimmunity (13, 23) and in healthy tonsils and peripheral blood (8, 9, 12) . The variety of contexts in which nonclassical memory B cells have been identified suggests that the memory B cell compartment is highly heterogeneous and that these nonclassical cells may have distinct functional roles in humoral immunity.
These various nonclassical memory B cells share many characteristics, despite variations in how various investigators have chosen to define their identifying cell surface markers. One common characteristic is evidence of GC experience. Many studies have found direct evidence of this by demonstrating that these subsets have undergone isotype switching (10, 11, 17, 20, 24) and somatic hypermutation (11, 17) . In addition, nonclassical memory B cells identified in chronic infection settings are enriched for antigen-specific cells, which suggests that they have undergone affinity maturation in GCs (10-12, 17, 20) .
Another common observation is that nonclassical B cells are functionally distinct from classical memory B cells. Multiple studies have found elevated levels of CD95 (Fas) expression and an increased propensity for apoptosis both with and without stimulus in CD27 lo cells (9, 12, 13, 16) . These subsets have a reduced capacity for BCR signaling compared with memory B cells: They have elevated levels of BCR inhibitory molecules such as SIGLEC6 and SIGLEC10 (9, 10, 13, 14, 17) , decreased calcium flux after BCR stimulation (12, 13, 16, 17) , a decreased ability to proliferate after BCR-specific and nonspecific stimulation (8, 12, 13, 15, 17) , and a diminished potential to differentiate into antibody-secreting cells (10, 16, 17) .
Many nonclassical memory B cell subsets down-regulate receptors required to participate in GC reactions, including L-selectin, CCR7, CXCR4, and CXCR5 (8, 10, (13) (14) (15) (16) (17) 20) . Furthermore, many of these populations also up-regulate FGR, a gene that negatively regulates chemokine signaling (14, 16) . There is also limited evidence that the Blimp-1 pathway, the master regulator of plasma cell differentiation and an antagonist to the BCL-6-driven GC program, is also up-regulated. One study found an increase in Blimp-1 by RNA sequencing (RNASeq) in FCRL5 + cells in individuals exposed to malaria (10) , whereas another study showed that Bach-2, a Blimp-1 inhibitor, was down-regulated in CD21 lo cells in hepatitis C virus patients (16) .
The FCRL4/5 + , CD27 + CD21 lo , and CD27 − CD21 lo subsets also share characteristics with another recently described memory population that is expanded in aging mice and humans (25, 26) . These cells have been named age-associated B cells (ABCs) and lack CD21 expression, up-regulate Fas and CD11c, and are GC-experienced. They overexpress CD80, CD86, and MHCII (major histocompatibility complex class II) and are enriched for IgG2a + cells in mice, and the phenotype of these cells is dependent on their expression of the transcriptional factor T-bet (25, 27) .
However, there is a growing appreciation that ABCs not only may be induced by age but also are generated in response to a combination of BCR, Toll-like receptor 7 (TLR7), and interferon-γ receptor (IFNGR) signaling, which would occur during antiviral responses (25, 27) . Furthermore, ABCs in mice with viral infections were found to be antigen-specific, and their depletion results in a dampened antiviral B cell response (27) . Together, the data suggest that ABCs may be a similar and overlapping population with the FCRL4/5 + , CD27 + CD21 lo , or CD27 − CD21 lo subsets. The diverse context in which these nonclassical populations have been observed strongly suggests that they are a critical component of the humoral immune system, but because most of the previous studies characterizing these cells involved individuals with chronic infection or autoimmunity, the role of these cells in healthy acute immune responses is unknown. We set out to identify and comprehensively characterize one of these populations, the CD19
lo (CD21 lo ) cells, in a cohort of healthy individuals who received the seasonal influenza vaccine. We tested the antigen specificity of CD21 lo cells, analyzed their phylogenetic relationships to other B cell populations, and compared their transcriptional profile to memory B cells, the cells they most phenotypically resemble. We found substantial differences between CD21 lo cells and classical memory B cells, which lead us to conclude that the CD21 lo population is a developmentally distinct stage of B cell differentiation. In addition, we found evidence that CD21 lo cells are recent GC graduates that are inhibited from reentering the GC and are up-regulating the Blimp-1-driven plasma cell program, indicating that CD21 lo cells are a potential long-lived plasma cell precursor.
RESULTS

CD27
+ CD21 lo B cells are enriched for antigen-specific cells after influenza immunization Previous studies have found that the various CD21 lo populations described previously are expanded in individuals with chronic viral infection or autoimmunity and are enriched for antigen-specific cells (13) (14) (15) (16) lo gate at four time points after seasonal influenza vaccination (Fig. 1A) . We found that the proportion of each cell type remains constant throughout the vaccine response (Fig. 1B) .
We also determined whether any of the four B cell subsets based on CD27 and CD21 expression were enriched for antigen specificity during the vaccine response using flow cytometry to measure the proportion of hemagglutinin (HA)-specific cells present after seasonal influenza. HA is a glycoprotein on the surface of influenza and is the predominant target of the antibody response (28) . Fluorescently tagged HA from the A/California/04/09 H1N1 and A/Perth/16/09 H3N2 influenza vaccine strains was used to stain B cells to determine the proportion of antigen-specific cells generated within the different subsets. We verified the specificity of the HA staining by single-cell sorting CD19 + CD27 + HA + B cells and generating monoclonal antibodies (mAbs), of which 92% were confirmed to bind HA by enzyme-linked immunosorbent assay (ELISA) (fig. S1, A (Fig. 1E ). On average, 11.45% of CD21 lo cells from each donor bound HA, whereas only 0.85% of classical memory B cells did.
The enrichment of antigen-specific CD21 lo B cells 14 days after immunization was further verified in five additional patients using a polyclonal stimulation enzyme-linked immunospot (ELISPOT) assay (29) . On average, 7.5% of CD21 lo cells bound vaccine, whereas only 0.52% of the memory B cells did (Fig. 1F ). This assay was also performed 0, 7, 14, 28, and 60 days after vaccination. Notably, the percentage of vaccine-specific cells peaks at different times for CD21 lo and classical memory B cells (Fig. 1G ). Whereas the peak of vaccine-specific CD21 lo B cells began at 14 days after vaccination and was waning at day 28, the peak of vaccine-specific classical memory B cells did not begin until 28 days after vaccination. Furthermore, unlike classical memory B cells, the CD21 lo population contained virtually no influenza-specific cells before vaccination, demonstrating that antigen specificity in this population is transient.
In a third assay, mAbs were expressed recombinantly from the variable genes of single cell-sorted CD21 lo B cells from four individuals. Similar to the findings observed by flow cytometry and ELISPOT, 9.46% (7 of 74) of CD21 lo B cells isolated 14 days after influenza vaccination were reactive to either the 2014-2015 quadrivalent vaccine (antibodies isolated during the 2014-2015 season) or the H1N1 A/California influenza virus (antibodies isolated during the 2010-2011 season), as measured by ELISA (Fig. 1, H and I) . Notably, a sizeable proportion (average of 53%) of the CD21 lo cells we isolated for mAb cloning express immunoglobulin M (IgM) BCRs, and all contained somatic mutations (Fig. 1J ). This supports a GC origin of CD21 lo cells, because these IgM + CD21 lo cells are likely derived from naïve cells that were activated and underwent affinity maturation for the first time. In total, these results demonstrate that the CD21 lo subset is a ready source for high-affinity mAbs, because antigen-specific cells are present in this population for a 2-week period after immunization, and that these cells can also be isolated from frozen samples ( fig. S2A) . Similar to what is found in freshly isolated blood, CD21 lo cells make up about 5% of the circulating CD19 + CD27 + B cell population after thawing ( fig. S2B ).
On the basis of the three assays described above, we estimate that about 10% of CD21 lo cells were influenza-specific 14 days after vaccination, which is after the formation of GCs (30, 31) . The specificity of the remaining CD21 lo cells is unknown but likely includes additional vaccine-specific cells that bind epitopes not detected by our assays, or non-native forms of vaccine antigens (32, 33) . Further, because the CD21 lo subset remains enriched with antigen-specific cells for several weeks, this population should represent all specificities induced by recent immune responses besides the vaccine antigens. The antigen-specific CD21 lo population is rapidly induced and then decays after immunization, with kinetics consistent with a transient post-GC stage. ). The plasmablasts were isolated from peripheral blood 7 days after immunization, and the other populations were isolated at 14 and 90 days after immunization.
Most of the V H (variable region of immunoglobulin heavy chain) genes used across the various B cell compartments belonged to the IGHV1, IGHV3, and IGHV4 families, consistent with previous observations ( fig. S3A ) (34) (35) (36) . However, there was great diversity in which V H gene and V H and J H (heavy-chain joining region) pairings were used as measured by Simpson's index ( fig. S3B ), indicating high levels of heterogeneity in the V H and J H usage between the different B cell subpopulations. To further characterize broad patterns in the genetic structure of these populations, we generated neighbor-joining trees using a distance matrix generated from the number of sequences that used each V H gene or V H -J H combination. The samples in the tree clustered by individual, showing that each person used a diverse set of immunoglobulin genes in responding to influenza vaccination and had a unique gene usage signature ( fig. S3 , C and D).
We then analyzed the patterns of somatic mutation within expanded clones to determine the phylogenetic relationships between the plasmablast, memory, and CD21 lo sequences. We grouped the sequences into clonotypes based on V H and J H gene usage, CDR3 length, and 85% nucleotide similarity in the CDR3 (35, 37) . Clonal prevalence was normalized across participants for the number of sequences in each sample by downsampling those with more sequences. The majority of clones (average 80%) were present at a low frequency with less than five unique sequences ( Fig. 2A) . Numerous large clonal expansions were also found in each sample. We found that CD21 lo cells were clonally related to both plasmablasts and memory B cells. On average, about 20% of clones containing CD21 lo -encoded sequences also had clonal plasmablasts or memory B cell sequences or both (Fig. 2B ). This high degree of clonal relatedness suggests that these cells share a common ancestor that underwent affinity maturation and generated multiple daughter lineages with varied differentiation fates.
Because of the frequency of exposure to influenza, the common ancestor of cells responding to the vaccine is likely from the reactivated memory B cell pool that dominates the immune response to the vaccine in most individuals (38) . Reactivated memory B cells with high affinity for the immunizing antigen tend to differentiate directly into plasmablasts, whereas lower-affinity cells reenter the GC to undergo further affinity maturation (39) . The extensive GC experience of these two populations was evident when we analyzed 13 clones that contained experimentally verified flu binding antibodies (table S1 and fig. S4 ). Although there were wide ranges in the number of mutations within each clone, there was no significant difference in the mean number of V region nucleotide mutations between CD21 lo , plasmablasts, and memory B cell populations (Fig. 2, C and D, fig. S5 ). The small number of memory B cells in these influenza binding clones is consistent with the kinetics identified by assays measuring antigen specificity (Fig. 1G) .
The de novo affinity maturation of the CD21 lo cells was evident when we modeled the GC evolution of each clone using maximum likelihood trees that were rooted on the germline V H -J H sequence. The presence of distinct CD21 lo clades within each clone was obvious upon visual inspection (Fig. 2 , E to G). Using those trees, we empirically determined the probability that the nearest neighbor in the phylogenetic tree for each CD21 lo sequence was another CD21 lo sequence, a plasmablast sequence (Fig. 2H ), or a memory B cell sequence (Fig. 2I ). CD21 lo sequences had a significantly higher probability of being neighbors with other CD21 lo sequences versus plasmablast or memory B cell sequences. The same analysis was performed for plasmablast and memory B cell sequences and revealed that there is a greater probability that the nearest neighbor is a sequence from the same B cell subset than from a CD21 lo sequence (Fig. 2, H and I ). The same segregation of CD21 lo cells was observed in the influenza binding clones mentioned above (Fig. 2J) . The distinct CD21 lo clades in these trees show that although this population may have shared a common GC ancestor with plasmablasts and memory B cells, they evolve separately during affinity maturation. This unique pattern of somatic mutations in CD21 lo cells supported an origin of these cells from ongoing GC reactions.
There were very few clones that contained day 14 and day 90 CD21 lo cells as well as day 90 CD21 lo cells. In one individual, we identified no CD21 lo cells from day 14 that were clonally related to any CD21 lo cells from day 90. However, a larger number of clones had both day 14 CD21 lo cells and day 90 memory cells ( Fig. 2, G and K). These data, coupled with the ELISPOT experiments (Fig. 1G) showing that the enrichment of antigen-specific cells in the CD21 lo compartment decays over time, support the notion that CD21 lo cells are in a post-GC transitional stage.
Analysis of the transcriptional program of CD21
lo cells The phylogenetic segregation of CD21 lo cells from classical memory B cells within the same clone suggested that the two populations are functionally distinct. To further explore the functional capacities of these cells and better understand the transcriptional programs of the different post-GC lineages, we performed RNASeq analysis on CD21 lo and memory B cells. The two populations were sorted from the peripheral blood of four healthy individuals 14 days after receiving the 2014-2015 seasonal influenza vaccine. Because of the small number of antigen-specific cells, we chose to analyze the entire CD21 lo and memory B cell populations in this assay. RNA was extracted using TRIzol, and libraries were prepared using the Smart-seq2 protocol that we modified slightly for bulk RNASeq (40) . Single-end 50-base pair (bp) sequencing was performed on an Illumina HiSeq2000 machine by the University of Chicago Functional Genomics Core, and sequence analysis was done as previously described (41) . Differential expression analysis was performed using Cuffdiff, and genes with q values of <0.05 were considered to have significantly different expression between the two groups. We identified 260 genes that were differentially expressed between CD21 lo and classical memory B cells (Fig. 3, A to C, and fig. S7A ), many of which correlate with functional differences found in CD27 + CD21
lo B cell subsets previously characterized during chronic infection (14, 16) . As detailed below, differentially expressed genes fell into various functional categories, including the promotion of recirculation, inhibition of activation or GC differentiation, increased susceptibility to peripheral tolerance, and differentiation into a plasma cell phenotype.
CD21
lo cells down-regulate tissue-homing molecules and recirculate in the peripheral blood Compared with recirculating classical memory B cells, CD21 lo cells differentially express many trafficking related molecules. The chemokine receptors CCR7, CXCR4, and CXCR5, which control trafficking to and within the GC, were all down-regulated on CD21 lo cells, and FGR, which inhibits chemokine signaling, was up-regulated in CD21 lo cells (Fig. 3C ). This inhibition of trafficking is further seen in the decreased RNA expression of L-selectin (SELL, CD62L) ( Fig. 3C ) and decreased protein expression of CD73 (Fig. 4 , A and B) in CD21 lo cells. L-selectin is required for migration of B cells into peripheral lymph nodes via the high endothelial venules, whereas CD73 regulates adhesion and transmigration of lymphocytes to the endothelium (42, 43) . Down-regulation of L-selectin, CXCR4, and CXCR5 was further verified at the protein level by flow cytometry (Fig. 4, A and B) . In addition, CD21 lo cells also express elevated levels of CD11c (ITGAX) at both the transcript and protein levels (Figs. 3C and 4, A and B) . CD11c is an integrin glycoprotein that assists cells in adhesion to the endothelium (44, 45) , and increased expression of CD11c has been identified in almost every nonclassical memory B cell population in humans (9, 10, (12) (13) (14) (15) (16) 20) . Overall, the expression profile of CD21 lo cells suggests that they are less likely to reenter GCs.
lo cells have potential for increased T cell-B cell interactions and are more susceptible to Fas-mediated apoptosis We also found that proteins related to T cell-B cell interactions were differentially expressed. As mentioned earlier, CD11c expression was significantly higher in CD21 lo cells compared with classical memory (Figs. 3C and 4, A and B) . CD11c + B cells in mice localize to the T cell-B cell border in the spleen and form more stable interactions with T cells than other B cells (46) . CD80, which binds CD28 and CTLA4, and is required for T cell interaction, is also up-regulated on CD21 lo cells, as reported on CD11c + B cells in mice (Fig. 4, A and B ) (46) . CD21 lo cells also showed a significantly higher expression level of Fas compared with classical memory B cells, a phenotype that has been reported in other nonclassical populations (9, 12, 13, 15, 16) . Furthermore, the elevated levels of Fas were independent of HA specificity ( fig. S7, A and B) . Higher levels of are associated with a greater susceptibility to Fas-mediated apoptosis (47) . We speculate that CD21 lo cells are testing their newly generated BCRs for self-reactivity and are subject to Fas-mediated apoptosis if they are activated by self-antigen and cannot find T cell help. . The increased expression of these inhibitory molecules, combined with the decreased levels of CD21, suggests that CD21 lo cells may be more difficult to activate compared with classical memory B cells. However, we found that CD21 lo cells can mobilize calcium in response to strong BCR stimulus. We measured the change in free calcium concentration after stimulation with ionomycin or anti-IgG and anti-IgK by flow cytometry using the calcium dye Fluo-4. There was no significant difference in the ability of CD21 lo cells to mobilize calcium compared with memory B cells (Fig. 5, C and D) . This suggests that although negative regulators of BCR signaling are up-regulated and the BCR co-receptor CD21 is down-regulated on CD21 lo cells, these cells are still capable of responding to strong BCR stimuli. Their ability to flux intracellular calcium is perhaps unsurprising because, in the vaccine response, CD21 lo cells are exposed to antigen transiently, in contrast to the high levels of persistent antigen associated with chronic infection or autoimmune stimulation (13, 16) . Statistical significance is calculated using paired Student's t test (*P < 0.05). Bar graphs show means (±SD). ns, not significant.
CD21 lo cells up-regulate the plasma cell transcriptional program but do not secrete antibody
The transcriptional profile of CD21 lo cells indicates that they are primed for differentiation into a long-lived plasma cell fate. In classical memory B cells, there was no or minimal expression of Blimp-1 (PRDM1), the transcriptional regulator of the plasma cell program, and high expression of Bach-2 (BACH2), a Blimp-1 repressor, as expected (Fig. 3C ) (49, 50) . However, CD21 lo cells significantly up-regulated Blimp-1 and down-regulated Bach-2 (Fig. 3C) .
In addition to Blimp-1 and Bach-2, several direct targets of Blimp-1 were also differentially regulated in CD21 lo cells (Fig. 3C ). These genes include XBP-1, which controls the unfolded protein response in plasma cells; c-Myc (MYC), a GC-associated proliferation marker; the J chain (IGJ), which links secretory multimeric immunoglobulins; and MZB1, an endoplasmic reticulum protein required for heavy chain synthesis (51, 52) . Other plasma cell-associated genes not regulated by Blimp-1 were also differentially expressed. Notably, ZBTB32, an early repressor of CIITA and MHCII in longlived plasma cells, was up-regulated in CD21 lo cells (53) . BCMA (TNFRSF17) and IL-6R, genes associated with the plasma cell niche in the bone marrow, were also significantly up-regulated in CD21 lo cells compared with classical memory. The shift in functional capabilities of these cells suggested that these cells might be a precursor stage to the long-lived plasma cell population. The differential expression of key plasma cell-related genes including PRDM1, XBP1, and BCMA was verified using quantitative PCR (qPCR) (Fig. 3D) .
We also found an up-regulation of Blimp-1 in CD21 lo cells at the protein level. Using flow cytometry, we observed that a greater proportion of HA + CD21 lo cells were Blimp-1 int compared with HA + memory B cells (Fig. 3, E and F) . Both populations had significantly fewer Blimp-1 hi cells compared with plasmablasts, which is consistent with the CD21 lo cells' lack of antibody secretion. Furthermore, histograms show that the elevated levels of Blimp-1 are not driven by a few outlier cells that have very high level of Blimp-1 expression but are reflective of the population as a whole (Fig. 3, E and F) .
It is important to emphasize that despite the up-regulation of plasma cell-associated genes, CD21 lo cells are not yet plasma cells. Surface expression of CD38, a plasma cell marker, was significantly lower on CD21 lo cells than on memory B cells (Fig. 4, A and B) . In addition, the CD21 lo population did not secrete antibody. CD21 lo cells, along with plasmablasts as a positive control and memory B cells as a negative control, were sorted from peripheral blood and then immediately plated on anti-IgG-or anti-IgA-coated ELISPOT plates. Despite the up-regulation of the Blimp-1 gene network, the CD21 lo cells do not actively secrete antibodies of either isotype (Fig. 5, A and B) . This finding was consistent with past studies showing no influenza-specific antibody-secreting cells in the peripheral blood at day 14 after vaccination (33, 54) . Because CD21 lo cells peak after all detectable antigen-specific plasmablasts have declined, it is unlikely that these cells are pre-plasmablasts. Together, these results suggest that the CD21 lo compartment contains cells that are primed for long-lived plasma cell differentiation but have not yet begun the process.
CD21
lo cells have elevated levels of T-bet mRNA and protein Recent studies have demonstrated transcription factor T-bet-dependent differentiation of a memory B cell subset after TLR7 and IFNGR signaling, which occurs during influenza responses (25, 27) . Further, T-bet sequesters BCL-6, the transcriptional regulator of both T fh (T follicular helper) cell and GC B cell programs (55) . This sequestration blocks the initiation of the T fh program and could potentially have a similar effect on the GC B cell program. We hypothesized that CD21 lo cells up-regulate T-bet, which could serve to block GC differentiation and competitive invasion of ongoing GC reactions. We found that CD21 lo cells consistently had greater levels of T-bet transcripts compared with memory B cells by RNASeq analysis (Fig. 6A) . Furthermore, intracellular levels of T-bet protein were significantly elevated in CD21 lo cells compared with memory B cells, as measured by flow cytometry (Fig. 6, B and C) . (Fig. 6, D and E) . Notably, not all CD21 lo and HA + cells expressed T-bet. Thus, T-bet induction after influenza vaccination is associated with both memory and CD21 lo (pre-plasma cell) differentiation. Quantification of intracellular calcium levels was adjusted by basal levels of calcium, which were established before stimulation. Statistical significance is calculated using paired Student's t test (*P < 0.05). Bar graphs represent means (±SD).
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A growing literature that includes studies of both mice and humans has documented a variety of memory-like B cell subsets whose role in a healthy immune system remains unknown. The vast majority of these cells have been identified in patients with either chronic viral infection or autoimmune disease (10, 11, 13-17, 19, 20) . Although these nonclassical memory B cells may have a similar phenotype to exhausted cells resulting from chronic inflammation, we find that it is an unlikely explanation for the CD21 lo population that we observe to be consistently present after vaccination in healthy individuals. A recent report from Ellebedy and colleagues (18) described an activated CD71 hi B cell subset that appears to be an early memory population and has clonal relationships to both plasmablasts and long-lived memory cells. Although they also display low expression of CD21, transcriptome analysis of these cells at day 7 after vaccination (as opposed to day 14) did not indicate up-regulation of the Blimp-1 gene program. We suspect that CD71 hi cells include precursors for both the CD21 lo subset described herein and the newly generated classic memory cells (18) . The CD21 lo population characterized herein bears some similarities to CD21 lo cells isolated by Thorarinsdottir et al. (12) from peripheral blood of healthy individuals. However, the CD21 −/lo cells examined in that study were heterogeneous in CD27 expression, whereas the cells studied here are CD27 + . We focused our study on the CD27 + CD21
lo population because it is the subset that is the most enriched for HA-specific cells after vaccination. We suggest that CD21 lo cells represent recent GC emigrants that are in a transitional stage, where they are refractory to further stimulation, do not participate in further GC reactions, and are well suited for post-GC negative selection. Thus, we propose that these cells are precursors of long-lived plasma cells, with a selective checkpoint to remove potentially pathological autoreactivities acquired during somatic hypermutation before long-term antibody secretion.
We determined that the CD21 lo compartment is enriched for antigen-specific cells after immunization compared with classical memory B cells. The two populations follow a distinct temporal pattern of enrichment, with antigen-specific CD21 lo cells peaking earlier and rapidly declining. The relative abundance of antigen-specific cells in the CD21 lo population compared with classical memory B cells marks them as potential targets for mAb discovery. As we have shown, CD21 lo cells can be used as an enriched source of antigen-specific antibodies from peripheral blood isolated at time points outside of the narrow plasmablast burst that is now commonly used for mAb production. A comprehensive comparison of plasmablast to CD21 lo mAbs will be of significant interest. CD21 lo B cells appear to arise as the product of ongoing GC reactions compared with plasmablasts that are likely from the direct activation of memory B cells. Therefore, there may be important qualitative differences in mAbs from CD21 lo cells, such as adaptation to de novo epitopes or improved binding affinity.
We also observed that the kinetics of the appearance of antigenspecific CD21 lo cells were different from those of plas mablasts and memory B cells. A distinct developmental pathway for CD21 lo cells, likely from reactivated memory B cells that reentered a GC, was also reflected in the phylogenetic organization of the clonal families of these varied populations. Although the three different cell types were clonally related, they segregated distinctly within the phylogenies of each clonal family, forming definitive clades.
This division became more apparent when we examined their transcriptional programs. CD21 lo cells have a gene program that inhibits their ability to be activated via their BCR and traffic back to the GC. Of particular note, CD21 lo cells have up-regulated the Blimp-1 program but are not plasma cells and do not secrete antibody. The increased expression of Blimp-1 may play a role in preventing the induction of the BCL-6-controlled GC program. Furthermore, CD21 lo cells also up-regulate the transcription factor T-bet, which has been shown to sequester BCL-6 in T cells. These two mechanisms of BCL-6 inhibition may be in place because the functional consequences of recently graduated cells rejoining the GC reaction are great. These cells would likely have a selective advantage in affinity maturation compared with the still evolving cells in the GC. The recent graduates would outcompete the still evolving GC cells for survival, leading to a severe loss of BCR diversity and a less protective humoral response. Such a mechanism would be advantageous for effective protection from pathogens, such as influenza, that undergo antigenic drift mainly for key protective epitopes, resulting in low-affinity B cell responses that would need to competitively mature for protection. Thus, a tendency for viral antigens to up-regulate T-bet through TLR7 and IFNGR stimulation, as previously described (25, 27) , may have evolved as a mechanism to ensure diversity of GC responses to viral antigens. Future studies on the significance of T-bet up-regulation should provide important insight into the regulation of antiviral B cell immunity. We also noted that CD21 lo cells have increased levels of Fas, which modulates apoptosis, and CD11c and CD80, which play roles in T cell-B cell interactions. This suggests that CD21 lo cells may be more susceptible to peripheral tolerance. Whereas autoreactive GC B cells will not receive T cell help and will undergo apoptosis, B cells that are cross-reactive to self and the antigen (in this case, the vaccine) can emigrate from the GC. We propose that as recent emigrants from GC reactions that are both recirculating and activation-inhibited, CD21 lo cells represent an ideal transient stage for post-GC peripheral tolerance. If CD21 lo cells encounter immunizing antigens, then cognate T cell help will rescue them. However, if a CD21 lo cell binds selfantigen, they will not be able to receive T cell help and will undergo apoptosis given the elevated levels of Fas observed.
An alternative but not mutually exclusive model focuses primarily on our observation that CD21 lo cells up-regulate a number of plasma cell-associated genes, as well as Blimp-1 protein. The precursor to the long-lived plasma cell compartment has long been mysterious, despite the clear importance of that population to providing longterm serum level protection. The transcriptional program of CD21 lo cells suggests that it may be the transitional stage that is subjected to a selective checkpoint where they are susceptible to Fas-mediated apoptosis. A fate-mapping study, though likely not possible in human participants, would be able to definitively address this hypothesis. A selective checkpoint allowing recirculation and selection would be most important before differentiation to long-lived antibody-secreting plasma cells but not for memory cells that do not secrete antibodies. This transient selective phase of differentiation may account for the developmental delay noted for long-lived plasma cell differentiation (56) .
In summary, we report that in normal, healthy immune responses, CD21 lo cells are potential plasma cell precursors that represent the earliest immigrants to the peripheral blood from GC reactions. A variety of phenotypic and functional characteristics support a model in which recent GC graduates enter circulation as CD21 lo cells and will transiently recirculate while being inhibited from adopting a GC phenotype but maintaining their BCR signaling competence. This phenotype will make CD21 lo cells ideally suited as the stage for post-GC tolerance induction and would avoid invasion of other GC reactions to maximize memory cell diversity. Up-regulation of the Blimp-1 program, as well as plasma cell markers such as BCMA, IL-6R, and ZBTB32, by CD21 lo cells would also prime them to differentiate into long-lived plasma cells.
MATERIALS AND METHODS
Study design
This study was initiated to identify and characterize populations of potential long-lived plasma cell precursors in the peripheral blood after influenza vaccination. To study these cells, we isolated peripheral blood mononuclear cells (PBMCs) at 0, 14, 28, and 60 days after vaccination and monitored the enrichment of vaccine-specific cells in the populations of interest. Once we identified the CD21 lo population as the main focus of our study, we collected additional samples for immunoglobulin repertoire sequencing and whole-transcriptome profiling. Surface protein expression was determined by flow cytometry analysis performed on thawed frozen PBMC samples isolated in our laboratory. Participants in our study were healthy adults (more than 18 years) and had varying histories of previous exposure to influenza. Intracellular T-bet and Blimp-1 staining was performed on freshly isolated PBMCs 14 days after immunization. Cells were treated with human Fc blocking antibody (BD) and then stained with the CD19, CD27, and CD38 antibodies described above as well as with Alexa Fluor 647 (AF647)-conjugated anti-HA biotin. Then, the cells were fixed with IC Fixation Buffer (eBioscience) for 30 min at room temperature (RT) and intracellularly stained with anti-T-bet (BioLegend) or anti-Blimp-1 (BD) antibodies at RT for 30 min in the dark. Cells were washed in a permeabilization buffer (BD) and analyzed using BD LSRFortessa. CD21 lo HA-specific cells were defined as CD19 + CD27 + CD38 − . Percentages and median fluorescence intensities (MFIs) were adjusted using a T-bet isotype control (mouse IgG1-PE, BioLegend) or Blimp-1 isotype control (rat IgG2a-PE, BD).
PBMC collection and isolation
Recombinant HA production
Recombinant influenza HA was produced in 293T cells transfected with plasmids donated by the Mascola laboratory. The supernatant of the cells was collected and washed through a Ni-nitrilotriacetic acid column. Eluted protein was then further purified using size exclusion chromatography. The purified protein was then biotinylated using a BirA biotinylation kit (Avidity) and conjugated to streptavidin-PE or streptavidin-AF647.
mAb cloning
Cells were single cell-sorted into a catching solution of 2 μl of cell lysis buffer (0.2% Triton X-100, ribonuclease inhibitor), 1 μl of oligo(dT) (10 μM), and 1 μl of deoxynucleotide triphosphate (10 mM), and complementary DNA (cDNA) was generated as per the Smart-seq2 protocol (32) . The cDNA was then used to produce mAbs, as previously described (48) . In brief, 1 μl of the cDNA was further amplified for sequencing and cloning using nested PCRs. Sanger sequencing of the single cells was performed and analyzed using IMGT/V-Quest. These sequences were used to determine the isotype of the cells with Blast+ (57) . Restriction enzyme sites were incorporated onto the amplicons by PCR, and the genes were cloned into IgG1, IgK, or IgL expression vectors. Antibodies were expressed in human embryonic kidney-293 T cells and purified using protein A beads (Pierce).
Enzyme-linked immunosorbent assay
Vaccine or IgG ELISAs were performed with a 1:20 dilution of the 2014-2015 seasonal influenza vaccine, 8HAU-inactivated H1N1 A/ California/07/09 virus, or anti-IgG antibody (2 μg/μl per well). Antibodies were serially diluted threefold seven times with starting concentrations of 10 μg/ml. Microtiter plates were coated with diluted vaccine or anti-IgG antibody. The well-characterized Cr9114 antibody was used as a positive control for the vaccine ELISAs; recombinant human IgG was used for the IgG ELISAs. Intermediate washes were performed with PBS/0.05% Tween. A horseradish peroxidase-conjugated goat anti-human IgG (Jackson ImmunoResearch Laboratories) was used as a secondary antibody, and plates were developed with Super AquaBlue (eBioscience) until the positive controls reached an OD405 (optical density at 405 nm) of 3.0.
Enzyme-linked immunospot
Vaccine and immunoglobulin ELISPOTs were performed as previously described (46) . In short, ELISPOT filter plates were coated overnight with influenza vaccine, anti-IgG, or anti-IgA at 4°C. Plates were sorted and blocked with RPMI with 10% fetal calf serum (FCS) for 2 hours at 37°C. Sorted cells in RPMI with 10% FCS, 1% Hepes, 1% l-glutamine, and 1% penicillin/streptomycin were added to the plates in a 1:2 dilution series. Cells were incubated for 5 hours or overnight. Plates were then washed with PBS with 0.05% Tween, and biotinylated anti-IgG or anti-IgA (SouthernBiotech) was added at a 1:1000 dilution. Streptavidin-AP (SouthernBiotech) was used as a secondary antibody, and the ELISPOT was revealed using bromochloroindolyl phosphate-nitro blue tetrazolium (Thermo Scientific).
Memory B cell stimulation B cells were activated to differentiate into antibody-secreting cells as previously described (25, 49) . In short, CD21 lo and memory B cells were sorted from peripheral blood and cultured for 5 days with Staphylococcus aureus (Cowan strain) (SAC) (Sigma-Aldrich), CpG (InvivoGen), and pokeweed mitogen (PWM) (gift from S. Crotty). The cells were then placed on vaccine-coated ELISPOT plates in a 1:2 dilution series, and an ELISPOT was performed as described above.
Calcium flux
Fresh human PBMCs were isolated after 21 days of immunization, resuspended in Hanks' balanced salt solution (HBSS)/1% BSA, and supplemented with calcium and magnesium. Cells were loaded with Fluo-4 AM Calcium Indicators (Invitrogen) at a final concentration of 5 μM and incubated at 37°C for 45 min in the dark. Cells were washed with HBSS/1% BSA and rested for 20 min at RT in the dark. Loaded cells were stained with anti-CD19, anti-CD27, and anti-CD21 antibodies as described above but were kept at RT. Before analysis, cells were incubated at 37°C for 10 min. Flow cytometry analysis was performed on BD LSRFortessa. Baseline calcium levels were read for 60 s, after which the cells were stimulated with anti-IgG F(ab′) 2 (25 μg/μl) (Jackson ImmunoResearch Laboratories) and anti-IgK F(ab′) 2 (SouthernBiotech) antibodies or, for a positive control, 20 μM ionomycin (Calbiochem). Calcium curves were read for 10 min. Kinetics curves for each calcium response were generated using FlowJo software.
Library preparation and sequencing
For RNASeq, RNA was extracted for sequencing using TRIzol. Libraries were prepared using the Smart-seq2 protocol that was slightly modified to make low-input bulk RNASeq libraries. Input RNA (250 pg) was used to generate cDNA that was transcribed from mRNA primed with oligo(dT) primers and then purified with AMPure XP beads. The cDNA was then tagmented, and adapters were added using the Illumina Nextera kit. Library preparation for all RNASeq samples was performed in parallel. Single-end 50-bp sequencing was performed on an Illumina HiSeq2000 machine at the University of Chicago Functional Genomics Core, and all samples were run in the same lane.
For repertoire sequencing, RNA was extracted using a Qiagen RNeasy Micro kit. cDNA was prepared by PCR amplifying the antibody transcripts using degenerate primers for the V region and specific primers for the constant region. The cDNA libraries were prepared and sequenced by the Georgiou laboratory or iRepertoire.
RNASeq analysis
Differential gene expression was performed on Galaxy (https:// usegalaxy.org) using the Tuxedo suite as previously described (33) . In short, sequences were aligned to the hg19 version of the human genome using Tophat and Bowtie2. Cuffmerge was used to combine transcript assemblies generated by Cufflinks, and differential gene expression was determined using Cuffdiff. A differentially expressed gene is defined in our study as one with a q value of less than 0.05, as calculated in Cuffdiff using the Benjamini-Hochberg correction. In addition, the RPKM (reads per kilobase of transcript per million mapped reads) values for each sample were determined using Cuffquant and Cuffnorm on the transcript assemblies.
Quantitative PCR qPCR was performed on cDNA made from using RNA extracted using TRIzol as described above for RNASeq. The PRDM1, XBP1, TNFRSF17, and B2M TaqMan Gene Expression Assays were used for qPCR and were run on an Applied Biosystems 7300 machine. The ΔΔC t method was used for analysis.
Antibody repertoire analysis
Alignment and gene usage analysis: Sequences were aligned to the reference IMGT database using IMGT/HighV-QUEST to identify the V, D, and J genes; the CDR3 nucleotide and amino acid sequence; and the number of mutations in each region.
Gene usage trees: IGHV gene frequency vectors and IGHV-IGHJ gene pair frequency vectors were generated after the alignment step. The number of occurrences of each gene was tabulated in the vectors, which were then scaled and used to generate a distance matrix. The similarity between the samples from the three participants was then determined by generating a neighbor-joining tree using the APE package in R (58).
Clonal assignments: Sequences were segregated into clones, which we define as a group of sequences that have the same IGHV gene, IGHJ gene, and CDR3 length and are at least 85% similar in the CDR3 region, similar to previous studies. Sequences were segregated into subgroups based on IGHV gene, IGHJ gene, and CDR3 length, and a hierarchical clustering tree was generated for each subgroup [code adapted from Laserson et al. (35) ]. The trees were then cut at the Levenshtein edit distance of 0.15*CDR3 length, rounded to the nearest integer. The clusters generated by this cut were then defined as B cell clones.
Maximum likelihood trees: We generated a multiple alignment for the sequences in each clone using MUSCLE (59) and then estimated a maximum likelihood tree for each clone using RAxML with the GTR+G+I model (60) . We analyzed the probability that the neighboring sequence would belong to each cell type by calculating the empirical probability. We excluded small clones (less than 10 sequences) and clones with less than 3 sequences of each B cell subset from the analysis. Rooted trees were generated using the germline IGHV-IGHJ sequence. The rooted trees were visualized using the APE package in R (58).
Flu-positive clones: Flu-positive clones were identified using sequencing data from experimentally verified flu binding antibodies generated from day 7 plasmablasts from the participants in the study. Clones containing sequences with the identical CDR3 to any of the flu binding antibodies were considered flu-positive clones for analysis.
Supporting code for repertoire analysis can be found at https:// github.com/denilau17/RepSeq3.
Statistical analyses
All statistical analyses, except for RNASeq and immunoglobulin repertoire sequencing experiments, were performed using GraphPad Prism. Statistical significance was determined using a two-tailed nonparametric unpaired Mann-Whitney test, a Wilcoxon matched pairs test, or a two-tailed paired Student's t test. P values of less than 0.05 were considered significant.
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